Suppressor of Hairy wing [Su(Hw)] is a DNA-binding factor required for gypsy insulator function and female germline development in Drosophila. The insulator function of the gypsy retrotransposon depends on Su(Hw) binding to clustered Su(Hw) binding sites (SBSs) and recruitment of the insulator proteins Centrosomal Protein 190 kD (CP190) and Modifier of mdg4 67.2 kD (Mod67.2). By contrast, the Su(Hw) germline function involves binding to non-clustered SBSs and does not require CP190 or Mod67.2. Here, we identify Su(Hw) target genes, using genome-wide analyses in the ovary to uncover genes with an ovary-bound SBS that are misregulated upon Su(Hw) loss. Most Su(Hw) target genes demonstrate enriched expression in the wild-type CNS. Loss of Su(Hw) leads to increased expression of these CNS-enriched target genes in the ovary and other tissues, suggesting that Su(Hw) is a repressor of neural genes in non-neural tissues. Among the Su(Hw) target genes is RNA-binding protein 9 (Rbp9), a member of the ELAV/Hu gene family. Su(Hw) regulation of Rbp9 appears to be insulator independent, as Rbp9 expression is unchanged in a genetic background that compromises the functions of the CP190 and Mod67.2 insulator proteins, even though both localize to Rbp9 SBSs. 
INTRODUCTION
Eukaryotic gene expression depends upon the integration of regulatory inputs from multiple classes of elements. Enhancers and silencers represent two classes of regulatory elements, both having the capacity to modulate the activity of target promoters separated by large linear distances (Blackwood and Kadonaga, 1998; Bulger and Groudine, 2010) . Enhancers and silencers display limited promoter specificity (Kermekchiev et al., 1991; Schoenherr et al., 1996; Dellino et al., 2004) , requiring the presence of a third class of regulatory elements to achieve transcriptional fidelity. This class, called insulators, limits enhancer and silencer action to prevent inappropriate interactions with non-target promoters Raab and Kamakaka, 2010; Yang and Corces, 2011; Ghirlando et al., 2012) . Insulators block enhancer and promoter interactions when positioned between these elements (enhancerblocking activity) and define boundaries of repressive and active chromatin (barrier activity). Insulator-binding proteins have been identified in most eukaryotes, emphasizing the importance of this regulatory class in establishing transcriptional integrity.
One of the best-characterized insulator-binding proteins is the Drosophila Suppressor of Hairy wing [Su(Hw)] zinc-finger (ZF) protein. This DNA-binding protein establishes the chromatin insulator of the gypsy retrotransposon (Geyer et al., 1986; Parkhurst et al., 1988; Spana et al., 1988; Geyer and Corces, 1992; Dorsett, 1993) . The function of the gypsy insulator requires Su(Hw) recruitment of Centrosomal Protein 190 kD (CP190) (Pai et al., 2004) , Modifier of mdg4 67.2 kD isoform (Mod67.2) (Georgiev and Kozycina, 1996) and Enhancer of yellow 2 [E(y)2; also known as ENY2] (Kurshakova et al., 2007a) . Mod67.2 and CP190 are required for enhancer blocking by the gypsy insulator (Georgiev and Gerasimova, 1989; Pai et al., 2004) . Both proteins carry a Broadcomplex, Tramtrack and Bric-a-brac/Poxvirus and Zinc Finger (BTB/POZ) domain (Stogios et al., 2005) , which may promote homologous and heterologous associations with other distantly separated BTB/POZ domain proteins to establish chromatin domains that limit enhancer action. E(y)2 is a subunit of the SAGA histone acetylation complex and the TREX RNA export complex (Kurshakova et al., 2007b) . E(y)2 is required for barrier function of the gypsy insulator (Kurshakova et al., 2007a) , possibly through its chromatin-opening activity (Kurshakova et al., 2007b) . The gypsy insulator displays a versatile capacity to define transcriptional domains, protecting transgenes from enhancer and silencer action when inserted randomly throughout the genome (Roseman et al., 1993; Roseman et al., 1995a; Roseman et al., 1995b; Markstein et al., 2008) .
Su(Hw) is globally expressed throughout Drosophila development. Even so, loss of Su(Hw) causes a tissue-restricted phenotype, wherein oogenesis is defective owing to oocyte apoptosis during mid-oogenesis (Klug et al., 1968; Parkhurst et al., 1988; Harrison et al., 1993; Baxley et al., 2011) . Two observations suggest that the fertility and insulator functions of Su(Hw) are independent. First, a loss of Su(Hw) occupancy at ~60% of genomic SBSs has no effect on fertility (Soshnev et al., 2012) , an unexpected finding for an insulator-dependent function that has been linked to the formation of physical chromatin domains important for transcriptional regulation (Gurudatta and Corces, 2009; Yang and Corces, 2011; Hou et al., 2012) . Second, fertility is unaffected by loss of CP190 and Mod67.2 (Chodagam et al., 2005; Baxley et al., 2011) , two partners that are required for Su(Hw) insulator function. Together, these findings suggest that Su(Hw) functions in oogenesis extend beyond the formation of chromatin insulators.
Here, we define transcriptional changes caused by Su(Hw) loss in the ovary and identify direct targets of Su(Hw) regulation during oogenesis. Studies of these target genes show that most have increased expression upon Su(Hw) loss, revealing a major role for Su(Hw) in transcriptional repression. Su(Hw) regulation of target genes is not restricted to the ovary, as loss of Su(Hw) causes gene expression changes in other tissues. The majority of repressed target genes display enriched expression in the CNS and depleted expression in the ovary. These observations suggest that Su(Hw) represses neural genes in non-neural tissues, indicating that Su(Hw) might be a functional homolog of the mammalian repressor for element-1 silencing factor (REST; also known as neuron-restrictive silencing factor, NRSF), a transcription factor that contributes to neural phenotypes via repression of neural genes in non-neural tissues (Lakowski et al., 2006; Ooi and Wood, 2007 
MATERIALS AND METHODS

Fly stocks and culture conditions
Flies were raised at 25°C, 70% humidity on standard cornmeal/agar medium supplemented with yeast. A detailed description of strain genotypes and alleles used in these studies is provided in supplementary material Table S1 .
Microarray analyses of gene expression in Drosophila ovary
Ovaries were dissected from 4-to 6-hour-old virgin females and stored at −80°C until needed. . Total RNA was isolated from ~150 pairs of ovaries per biological replicate using TRIzol (Invitrogen), DNaseI treatment (Qiagen DNaseI) and purification on RNeasy columns (Qiagen). Microarray hybridization was performed by the University of Iowa DNA facility using the Affymetrix Drosophila 2.0 arrays (Cat. #900532). Data were processed using Partek Genomics Suite 6.5 Gene Expression pipeline, using GeneChip Robust Multiarray Average (GCRMA) normalization (Irizarry et al., 2003) , twofold change and 1% false discovery rate (FDR) cutoffs. Three to six independent biological replicates of each sample were studied. Microarray data were deposited to Gene Expression Omnibus (accession numbers GSE36528 and GSE45286).
Quantitative PCR (qPCR) analyses of gene expression
Quantitative (q)PCR analyses used RNA isolated from ~50 ovary pairs, 50 third instar larval wing discs or 25 third instar larval brains per biological sample using TRIzol (Invitrogen). All steps were performed as described previously (Soshnev et al., 2008) . Expression levels were determined using housekeeping gene RpL32 as an internal control. Primers amplified fragments between 100 and 200 bp. Primer sequences are listed in supplementary material Table S2 .
Chromatin immunoprecipitation (ChIP)
Chromosome association of Su(Hw), CP190 and Mod67.2 was tested using ChIP from 50-200 ovary pairs per biological sample, as described previously (Baxley et al., 2011) . The antibodies used were guinea pig polyclonal anti-Su(Hw) (Baxley et al., 2011; Soshnev et al., 2012) , sheep polyclonal anti-CP190 (Baxley et al., 2011) and rabbit polyclonal antiMod67.2 (modEncode D1; kindly provided by K. White, University of Chicago). At least two independent biological samples were analyzed. Primer-amplified fragments between 100 and 200 bp were centered on the Su(Hw) binding consensus when possible. Primer sequences are listed in supplementary material Table S2 .
Immunohistochemical analyses
Samples were fixed in 3% electron microscopy grade paraformaldehyde in PBT (PBS with 0.3% v/v Triton X-100) for 30 minutes, washed in PBT and blocked overnight in 5% w/v BSA in PBT at 4°C. Samples were then incubated with primary antibody for at least 8 hours at 4°C, washed in PBT, incubated with the corresponding Alexa Fluor-conjugated secondary antibodies (Molecular Probes), washed in PBT, DAPI stained (0.1 µg/ml, 10 minutes) and mounted in Vectashield (Vector Laboratories). Slides were imaged using a Zeiss 710 confocal microscope and processed using ImageJ. The antibodies used were polyclonal guinea pig anti-Su(Hw) (1:500) (Baxley et al., 2011) , polyclonal rabbit anti-Su(Hw) (1:1000) (Parnell et al., 2003) , rat anti-ELAV [1:10; 7E8A10; Developmental Studies Hybridoma Bank (DSHB), University of Iowa], mouse anti-Broad Z1 (1:200; Z1.3C11.OA1; DSHB), mouse anti-Repo (1:5; 8D12; DSHB), mouse antiGurken (1:200; 1D12; DSHB), polyclonal rabbit anti-Vasa (1:500; Santa Cruz), polyclonal guinea pig anti-Dpn (1:500; a kind gift from J. Skeath, Washington University, St Louis) and polyclonal rabbit anti-Rbp9 (1:3000; a kind gift from M. Buszczak, UT Southwestern) (Kim and Baker, 1993) .
Scanning electron microscopy (SEM)
Embryos were collected on orange juice-agar plates, washed with distilled water and fixed overnight in 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4. Following rinsing, embryos were stained with 1% OsO 4 in 0.1 M cacodylate for 2 hours. Next, embryos were rinsed and dehydrated in a series of ethanol washes (20%, 50%, 75%, 94% and 100%) followed by critical point drying. Embryos were mounted on stubs and coated with gold-palladium using Polaron E5100 sputter coater and imaged using Hitachi S-4800 scanning electron microscope.
Analyses of fertility phenotypes
The fertility of 2-to 4-day-old mated females was determined by counting the number of eggs laid on orange juice plates carrying wet yeast paste at 25°C. Egg viability was determined by counting the number of eggs that hatched following egg laying on orange juice plates carrying wet yeast paste.
RESULTS
Identification of Su(Hw)-regulated genes
We investigated the regulatory role of Su(Hw) in the ovary using whole-genome gene expression analyses. We measured gene expression changes in ovaries obtained from females of three null and two su(Hw) wild-type genotypes (supplementary material Table S1), to minimize the identification of bystander genes for which expression changes were unrelated to Su(Hw) loss. RNAs were obtained from newly eclosed ovaries, to ensure that our gene expression analyses included equivalent stages of oogenesis. Newly eclosed ovaries lack late-stage egg chambers, establishing a natural method to avoid the stages of oogenesis that are absent in su(Hw) −/− ovaries ( Fig. 1A) (Klug et al., 1968; Baxley et al., 2011) .
Affymetrix Drosophila 2.0 microarrays were used to measure transcriptional changes resulting from Su(Hw) loss. These arrays contain over 18,500 probe sets corresponding to ~13,000 genes. We identified 297 genes that changed expression at least twofold in su (Hw) −/− relative to su(Hw) +/+ genetic backgrounds (1% FDR; P<0.01; Fig. 1B ). We reasoned that if a gene were a direct target of Su(Hw) regulation, then the gene would carry at least one SBS. To this end, we used an ovary-bound SBS dataset to identify misregulated genes that carried an SBS within the transcribed region or within 2 kilobases (kb) upstream or downstream (Soshnev et al., 2012) . This regulatory distance was chosen for two reasons. First, 2 kb matches the distance used in other genome-wide studies in Drosophila (Schwartz et al., 2012; Sexton et al., 2012) . Second, most target genes identified using the 2-kb window of flanking regulatory DNA are retained at a shorter regulatory distance of 0.5 kb (87% for repressed and 76% of activated target genes; supplementary material Fig. S1A ). Using the 2-kb distance, we find that 105 (35%) of the mis-regulated genes carry SBSs compared with 1709 (13.5%) of total genes in the Drosophila genome that carry an SBS, representing a highly significant enrichment (P=6.96E-27). Of the 105 target genes, 75 display increased expression in su(Hw) mutants and correspond to Su(Hw)-repressed genes, whereas 30 display decreased expression and correspond to Su(Hw)-activated genes. Using qPCR, we compared expression of randomly selected target genes in su (Hw) +/+ and su(Hw) −/− RNAs.
All but one of the tested genes had altered expression in su(Hw) mutants ( SBSs in repressed and activated target genes show distinct properties Su(Hw) target genes are dispersed throughout euchromatic regions of the genome. In total, target genes contain 195 SBSs, with an average of 1.9 SBSs per repressed and 1.0 SBS per activated gene (supplementary material Fig. S1B ). Previous studies showed that SBSs are distributed in the genome with no apparent enrichment for gene features (Bushey et al., 2009; Nègre et al., 2010; Soshnev et al., 2012) . We used the ovary SBS dataset (Soshnev et al., 2012) to determine whether regulatory SBSs in Su(Hw) target genes display different properties from bulk SBSs and whether SBSs associated with activated or repressed target genes had distinct features. First, we assessed Su(Hw) occupancy. We found that ChIP enrichment at target gene SBSs did not statistically differ from nontarget SBSs ( Fig. 2A ), indicating that Su(Hw) occupancy does not correlate with its effect on transcriptional regulation. Second, we defined the Su(Hw) consensus sequence of SBSs, using the MEME program (Bailey and Elkan, 1994) . We found that regulatory and total SBSs possess a similar DNA-binding motif (Adryan et al., 2007; Soshnev et al., 2012) (Fig. 2B) , implying that the sequence of an SBS does not predict transcriptional output. Interestingly, these studies revealed that the Su(Hw) binding motif in the gypsy insulator differs from total SBSs, as the insulator motif lacks the GC-rich 3Ј extension, but possesses an AT-rich 5Ј extension. These observations suggest that Su(Hw) binding at the gypsy insulator might be distinct from that at endogenous SBSs. Third, we examined the distribution of SBSs relative to the gene features. As expected, the fraction of intergenic SBSs decreased ( Fig. 2C ), because target genes were identified based on SBS proximity. Even so, we found that target gene SBSs show enriched localization to exons (P=3.5E-8) and transcription start sites (TSSs) (P=1.5E-11; Fig. 2C ). This latter observation is particularly striking, considering that these regions included only 200 bp flanking each side of the annotated TSS. Localization of many SBSs to target gene promoters is consistent with Su(Hw) having a direct role in target gene transcription. We investigated whether regulatory SBSs were associated with the gypsy insulator proteins. To date, genome-wide mapping of CP190 and Mod67.2 has only been completed in non-ovary tissues, including a dataset obtained from embryos (Nègre et al., 2010 (mdg4) u1 mutations. The gypsy insulator proteins associated with the SBSs are shown. Three non-target housekeeping genes and su(Hw) were included as controls. Two independent biological samples (1, 2) were analyzed.
embryonic SBSs tested showed the expected occupancy of CP190 and Mod67.2, respectively (supplementary material Fig. S2 ). As these data endorse the embryonic dataset for predicting ovary binding of the gypsy insulator proteins, we examined recruitment of these proteins at target genes. We found that target genes had increased association of CP190 and Mod67.2 relative to total SBSs (Fig. 2D) . To determine whether the gypsy insulator proteins were required for Su(Hw) regulation of target genes, we tested target gene expression in females carrying one of two independently generated, double mutant recombinant chromosomes (R33 and R93 
Su(Hw) is a repressor of CNS-enriched genes in the ovary
We examined the collection of target genes to identify common features of Su(Hw)-regulated genes. First, we performed Gene Ontology analysis and found no significantly over-represented developmental or signaling pathway (data not shown). Second, we determined whether target genes displayed common tissue expression patterns, using the FlyAtlas anatomical expression dataset that includes larval and adult tissues (Chintapalli et al., 2007) . In our analyses, we considered that a gene showed tissueenriched expression if RNA expression levels were twofold or higher in that tissue relative to the level in the whole fly carcass. These analyses revealed that Su(Hw) target genes showed significantly enriched and depleted gene expression in several Based on these findings, we conclude that the major role of Su(Hw) in the ovary is to repress neural genes, as more than half of all target genes show CNSenriched, but ovary-depleted expression. One implication of a role for Su(Hw) in the regulation of neural genes in the ovary is that Su(Hw) may not be globally expressed in the CNS. Such tissue-restricted expression was unexpected, as previous studies indicated that Su(Hw) accumulation was ubiquitous throughout development (Harrison et al., 1993) . To investigate this, we examined Su(Hw) accumulation in third instar larval CNS and uncovered cell-type specific Su(Hw) expression (Fig. 3B) . Immunohistochemical analyses showed that Su(Hw) is present in neuroblasts [Deadpan (Dpn)-positive cells (Doe and Skeath, 1996) ] and glia [Reverse Polarity (Repo)-positive cells (Xiong et al., 1994) ], but is absent in terminally differentiated post-mitotic neurons [Embryonic Lethal Abnormal Vision (ELAV) (Robinow and White, 1991) ]. This cell type-specific expression pattern is established early in development, as Su(Hw) is absent in ELAV-positive cells in embryos (data not shown). These observations indicate that Su(Hw) accumulation is dynamic in neural lineages and is consistent with Su(Hw) acting as a repressor of neural genes in non-neural tissues.
Su(Hw) occupancy at SBSs shows little tissue specificity (Adryan et al., 2007; Soshnev et al., 2012) . Based on these observations, we predicted that Su(Hw) target genes might be misregulated in non-ovary tissues. Previous studies using whole larvae demonstrated that loss of Su(Hw) altered expression of some of the target genes that we identified in the ovary (Adryan et al., 2007) . To gain greater insight into the tissue-specificity of Su(Hw) regulation, we examined gene expression in individual tissues, performing qPCR analyses of RNAs isolated from third instar larval brains and wing discs (Fig. 3C) . These studies revealed that the majority of
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Development 140 (17) tested target genes had altered expression in wing or brain tissue (14/16, 88%; Fig. 4B ). The largest transcriptional changes were seen in the wing disc, which might reflect the more uniform expression of Su(Hw) in wing discs, but not brain tissue ( Fig. 3B ; data not shown). These findings demonstrate that Su(Hw) is required for the regulation of target gene expression in multiple tissues.
Su(Hw) represses Rbp9 expression
One Su(Hw)-repressed target gene was RNA-binding protein 9 (Rbp9), a gene first identified owing to its CNS-enriched expression (Kim and Baker, 1993) . Rbp9 belongs to the ELAV/Hu gene family that encodes RNA-binding proteins (Kim and Baker, 1993; Pascale et al., 2008) . Although loss of Rbp9 causes female sterility owing to an early arrest in germline development (Kim-Ha et al., 1999) , ectopic Rbp9 expression causes oocyte apoptosis in mid-to-late oogenesis (Jeong and Kim-Ha, 2003) . The overlap of this latter phenotype with the su(Hw) mutant phenotype prompted us to investigate Rbp9 regulation. We studied Su(Hw) and Rbp9 protein localization in the ovary. Oogenesis begins in the germarium by asymmetric division of a germline stem cell (GSC). The resulting daughter cell, termed cystoblast, undergoes four incomplete mitotic divisions to generate a 16-cell cyst, which becomes enveloped by somatic follicle cells to form an egg chamber. Co-staining ovaries with Su(Hw) and Rbp9 antibodies revealed differences in protein accumulation (Fig. 4A) . Su(Hw) is present in somatic and germ cells, whereas Rbp9 is present only in germ cells. In germ cells, Su(Hw) is found at low levels in the GSCs and daughter cystoblasts and is absent in regions of the germarium where the 16-cell cyst is formed and meiosis is initiated (regions 1 and 2a). Su(Hw) reappears in region 2b and increases during egg chamber formation (Baxley et al., 2011) . By contrast, Rbp9 is found in region 2a of the germarium, remains high in region 2b, diminishes in region 3 as egg chambers form, and becomes undetectable beyond stage 3 egg chambers (Tastan et al., 2010) . We reasoned that if Su(Hw) were required for transcriptional repression of Rbp9, then loss of Su(Hw) would prolong Rbp9 protein accumulation. This prediction was met. Loss of Su(Hw) is accompanied by extended presence of Rbp9 protein into late-stage egg chambers (Fig. 4B) , supporting a role for Su(Hw) in Rbp9 regulation.
The Rbp9 gene contains three alternative TSSs, of which TSS3 is the most active in the ovary (Graveley et al., 2011) . Interestingly, Su(Hw) binds near these TSSs, with SBS2 located 357 bp downstream of TSS2 (Fig. 4C) . All Rbp9 SBSs are associated with the gypsy insulator proteins CP190 and Mod67.2 (Fig. 4D) . We used transcript-specific qPCR primers to investigate 5 RESEARCH ARTICLE Su(Hw) represses neural genes Fig. 3. Su(Hw) is a repressor of CNS-enriched how Su(Hw) loss affects Rbp9 transcription in su (Hw) 2/v newly eclosed ovaries. These studies showed that Rbp9 transcription from TSS1 and TSS3 was largely unaffected, whereas transcription from TSS2 increased ~11-fold (Fig. 4E ). These data indicate that Su(Hw) repression is specific to TSS2. Such a promoter-specific de-repression was unexpected. Although TSS1 might lack binding sites responsive to ovary transcription factors, this limitation does not apply to TSS3. Based on these data, we suggest that Su(Hw) repression of Rbp9 depends on a localized action targeted to TSS2. To determine whether Rbp9 repression involves insulator formation, we determined the effects of loss of CP190 or Mod67.2 on Rbp9 transcription. Gene expression was RESEARCH ARTICLE Development 140 (17)
Fig. 4. Rbp9 is repressed by Su(Hw). (A) Images of su(Hw)
+/+ germarium stained for Su(Hw) (top, green), Rbp9 (bottom, red) and DAPI (white). Developmental regions (R1 to R3) of the germarium and egg chamber stages (S1 to S3) are indicated. (Baxley et al., 2011; Soshnev et al., 2012) . Strikingly, in su (Hw) f/v ovaries, Rbp9 shows a near-normal accumulation during egg chamber development (Fig. 4B ), corresponding to Su(Hw) f retention at Rbp9 SBSs in vivo (Fig. 4C ) (Soshnev et al., 2012) and transcriptional repression of Rbp9 ( Fig. 1C; Fig. 4D ). Taken together, these data imply that fertility and Rbp9 regulation are linked.
Loss of Su(Hw) increases levels of Rbp9 RNA threefold in the ovaries of newly eclosed females. We postulated that if Rbp9 derepression caused su(Hw) −/− sterility, then loss of one gene copy of Rbp9 might reduce Rbp9 RNA to a level compatible with female fertility. To this end, we generated Rbp9 +/− , su(Hw) 2/v double mutants, wherein mutants carried one of four independently generated Rbp9 null alleles. These Rbp9 alleles included two Pelement insertions in the Rbp9 gene (Kim-Ha, 2000) and two genomic deficiencies that removed Rbp9 (supplementary material  Table S1 ), as well as other genes. Strikingly, Rbp9 +/− , su (Hw) 2/v females derived from any of the four Rbp9 null alleles produced eggs at ~8-20% of the wild-type level (Table 1) . Females carrying alleles of the large genomic deletions produced fewer eggs, a difference that might result from the larger number of genes deleted. Ovaries obtained from Rbp9
, su(Hw) 2/v females contained latestage egg chambers, although evidence of egg chamber apoptosis remained (Fig. 5A) . RNA analyses demonstrated that Rbp9 RNA was not increased above twofold in Rbp9 +/− , su(Hw) 2/v ovaries relative to wild type, whereas su(Hw) RNA was undetectable (Fig. 5B) . We tested whether reduced Rbp9 expression restored expression of other mis-regulated Su(Hw) target genes, as the Rbp9 protein belongs to the ELAV/Hu gene family of RNA-binding proteins and might alter mRNA stability (Pascale et al., 2008) . These analyses showed that Su(Hw) target genes remained misregulated in the Rbp9 +/− , su(Hw) 2/v rescued ovaries (Fig. 5C ).
Strikingly, these data demonstrate that reducing the dosage of a single Su(Hw) target gene restores fertility to su(Hw) null females. As a measure of the specificity of the Rbp9 rescue, we tested whether hemizygous loss of other genes restored oogenesis in su(Hw) null females. To this end, we tested a deficiency that removed mspo. This gene was chosen for two reasons. First, Su(Hw) f retains binding to mspo, potentially linking mspo de-repression to su (Hw) −/− sterility.
Second, loss of Su(Hw) increases mspo transcription approximately threefold, implying that loss of one gene copy might lower their RNA level to that found in su(Hw) +/+ ovaries and might lead to rescued oogenesis. As an additional control, we tested four chromosome deficiencies that collectively remove >400 non-Su(Hw) target genes, to determine whether general decreases in gene dosage reverse the su(Hw) −/− phenotype. We found that mspo
, su(Hw) 2/v and the Df(2)/+, su (Hw) 2/v females remained sterile (Table 1) . Based on these data, we conclude that de-repression of Rbp9 is the central cause of female sterility in su(Hw) null mutants.
Rescue of sterility phenotype reveals somatic function of Su(Hw) in oogenesis
We noted that most eggs produced by Rbp9
, su(Hw) 2/v females had fused and deformed dorsal appendages (Fig. 6A ). These observations imply a second, previously unrecognized requirement for Su(Hw) during late oogenesis. Dorsal appendage formation is linked to specification of the dorsal-ventral axis of the oocyte through three classes of genes that regulate signaling pathways (Berg, 2005) . The presence of a single, broad dorsal appendage in Rbp9
eggs suggested that loss of Su(Hw) might compromise the function of the midline-minus class of genes. A hallmark of disruptions in this gene class is the aberrant expression of broad, which encodes four BTB/POZ domain ZF transcription factors. Among these, the Z1 isoform is required for dorsal appendage formation, being expressed in two lateral-dorsal fields of dorsal appendage primordia (Deng and Bownes, 1997; Tzolovsky et al., 1999) . A failure to define two fields is associated with expansion and fusion of the dorsal appendages (Ward and Berg, 2005 (Fig. 6B) . The data suggest that loss of Su(Hw) alters the regulation of broad expression in late oogenesis. The dorsal-ventral signaling cascade contributes to the repression of broad expression in midline cells (Berg, 2005) . Activation of this cascade depends upon Gurken, a TGFα ligand that signals from the oocyte to the overlying follicle cells using the homolog of the epidermal growth factor receptor (Deng and Bownes, 1997) . To test the involvement of Gurken, Rbp9 +/− , su (Hw) −/− ovaries were stained with Gurken antibodies, revealing that Gurken production and localization were unaffected in the rescued ovaries (Fig. 6C ). These data imply that Su(Hw) loss alters signaling events downstream of Gurken. Based on these findings, we predict that loss of Su(Hw) alters expression of one or more genes within the somatic follicle cells, leading to altered regulation of broad. We conclude that Su(Hw) has regulatory functions in somatic and germ cells during oogenesis. 
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DISCUSSION
Su(Hw) constitutively binds ~3000 SBSs distributed throughout the euchromatic regions of the genome (Soshnev et al., 2012 Fig. 1B,C) , suggesting that most Su(Hw) regulation involves transcriptional repression. These data are consistent with previous findings that Su(Hw) localizes to repressive chromatin (Filion et al., 2010) and binds near genes that display low levels of transcription (Bushey et al., 2009; Roy et al., 2010) . Su(Hw) establishes an insulator when bound to the gypsy retrotransposon. This function depends upon recruitment of two non-DNA-binding proteins, CP190 and Mod67.2 (Raab and Kamakaka, 2010) . Building from this well-established requirement, we investigated whether Su(Hw) regulation of target genes involved insulator formation. We find that 20% of Su(Hw) target genes lack association of the gypsy insulator proteins (supplementary material Table S3 ), indicating that regulation of these genes might not involve canonical insulator formation. Additionally, even though 80% of target genes bind CP190 or Mod67.2, we found that protein localization does not always predict a regulatory involvement. Of the ten target genes tested that carry SBSs associated with CP190 and Mod67.2, five displayed altered gene expression in Cp190, mod67.2 mutants (Fig. 1C) . Interestingly, most of the affected target genes require the gypsy insulator proteins for transcriptional activation (Fig. 1C) , suggesting that Su(Hw) might establish an insulator at some genes to prevent the spread of repressive chromatin. Alternatively, Su(Hw) might have a direct role in activation of gene expression, as CP190 shows strong association with active promoters (Bartkuhn et al., 2009) . Taken together, our findings suggest that Su(Hw) regulation of transcription of most target genes is independent of insulator formation.
SBSs present in Su(Hw) target genes show a distinct distribution relative to gene features than do total SBSs. Interestingly, we observe a bias for location of regulatory SBSs with TSSs (Fig. 2C) of Su(Hw) causing de-repression of only TSS2 (Fig. 4E) . Such a limited transcriptional response is unexpected if Rbp9 misregulation resulted from loss of a Su(Hw)-dependent insulator, because TSS3 is an active promoter in the ovary (Graveley et al., 2011) and should also respond to an unblocked enhancer. Consistent with an insulator-independent mechanism, transcription from TSS2 is unchanged in Cp190, mod67.2 females, a genetic background that compromises gypsy insulator function (Gerasimova et al., 1995; Pai et al., 2004; Baxley et al., 2011) . Notably, one Rbp9 SBS is located 400 bp downstream of TSS2, suggesting that Su(Hw)-dependent repression may result from a block of RNAP II recruitment or elongation from this promoter. Alternatively, Rbp9 repression might depend upon interactions between SBSs to form a chromatin loop that constrains TSS2 activity. This latter mechanism shares features of the insulator function, as insulators display an ability for longrange interactions (Yang and Corces, 2012) , unifying the mechanism of gene repression and insulator function.
Su(Hw) functions as a global repressor of neural genes in non-neuronal tissues
At the beginning of our studies, we predicted that the tissuerestricted defects caused by loss of the globally expressed and constitutively bound Su(Hw) protein were due to mis-regulation of genes that are expressed primarily in the ovary. However, our data do not support this prediction. Whereas 7% (7/105) of Su(Hw) target genes display ovary-enriched expression (Fig. 3A) , 65% show CNS-enriched expression (68/105). Comparisons with global gene expression in these tissues indicate that Su(Hw) target genes show ovary-depleted, CNS-enriched expression (supplementary material  Table S3 ). Interestingly, loss of Su(Hw) causes de-repression of most target genes in multiple tissues ( Fig. 1B; Fig. 3C ). Based on these data, we conclude that Su(Hw) is a transcriptional repressor of neural genes in non-neural tissues. A recent publication studying Drosophila chromatin proteins using Bayesian network analysis support this conclusion, showing that Su(Hw) is associated with gene repression and neurological system processes (van Bemmel et al., 2013) .
Properties of Su(Hw) are reminiscent of the REST, a mammalian transcription factor that establishes neural phenotypes owing to repression of neural genes in non-neural tissues (Chong et al., 1995) . REST is an eight ZF protein that interacts with two separate corepressor complexes, the transcriptional co-repressor CoREST and a Sin3-histone deacetylase complex (Lakowski et al., 2006; Ooi and Wood, 2007) . Although REST is not conserved in drosophilids, a homolog of CoREST has been identified (Dallman et al., 2004; Yamasaki et al., 2011) , implying that non-REST transcription factors direct dCoREST to chromosomes. Drosophila CoREST is a component of a newly identified transcriptional repressor complex LINT, which contains three subunits, CoREST, Drosophila lethal (3) malignant brain tumor [L(3)mbt] and Drosophila L(3)mbt interacting protein 1 (dLint-1) (Meier et al., 2012) . Interestingly, L(3)mbt is a transcription factor associated with insulator elements (Richter et al., 2011) . Based on this connection, we examined whether dLint-1 and L(3)mbt colocalized with Su(Hw) at SBSs in target genes. Strikingly, over a third (18/56) of CNS-enriched repressed target genes contain SBSs that colocalize with L(3)mbt (Richter et al., 2011) and >60% (35/56) contain SBSs that colocalize with dLint-1 (Meier et al., 2012) . These data indicate that Su(Hw)-dependent repression might depend upon CoREST recruitment within the LINT complex. Taken together, our observations suggest that Su(Hw) might represent a third functional homolog of REST in Drosophila, with Charlatan and Tramtrack representing the other identified homologs (Dallman et al., 2004; Tsuda et al., 2006; Yamasaki et al., 2011) . females. This conclusion stems from our striking observation that 9 RESEARCH ARTICLE Su(Hw) represses neural genes 
